Background: Th e use of anatomical models produced by 3D printing technique (rapid prototyping, RP) is gaining increased acceptance as a complementary tool for planning complex surgical interventions. Th is paper describes a method for creating a patient specifi c replica of the whole aorta. Methods: Computed tomography angiography (CTA) DI-COM-data was converted to a three-dimensional computer aided design-model (CAD) of the inner wall of the aorta representing the lumen where the calcifi ed plaque contribution was removed in a multi-step editing-manoeuvre. Th e edited CAD-model was used for creating a physical plaster model of the true lumen in a 3D-printer. Elastic and transparent silicon was applied onto the plaster model, which was then removed leaving a silicon replica of the aorta. Results: Th e median (interquartile range) diff erence between diameters obtained from CTA-and RP plaster-model at 19 predefi ned locations was 0.5 mm (1 mm) which corresponds to a relative median diff erence of 4.6% (7.0%). Th e average wall thickness of the silicone model was 3.5 mm. Th e elasticity property and performance during intervention was good with an acceptable transparency. Conclusions: Th e integration of RP-techniques with CAD based reconstruction of 3D-medical imaging data provides the needed tools for making a truly patient specifi c replica of the whole aorta with high accuracy. Plaque removal postprocessing is necessary to obtain a true inner wall confi guration.
Introduction
Th e use of anatomical models produced by rapid prototyping (RP) [3] is gaining increased acceptance as a complementary tool for planning complex surgical intervention [8] . Biomodels, in addition to standard imaging, improve measurement accuracy, reduce operating time, improve patients informed consent and are cost eff ective [1, 5, 23] . Furthermore, biomodels may facilitate manufacturing of custom-made endoprosthesis, be helpful in the development and evaluation of new treatment strategies and techniques, and for surgical practice and simulation [2, 6, 14, 16] . Today, biomodels are clinically mainly used in craniofacial-, skull base-, and pelvic surgery. Endovascular aortic aneurysm repair request a detailed preoperative planning in the three-dimensional space. However, the complexity of some aortic pathology, such as suprarenal-and thoracoabdominal aortic aneurysms, prevents the implantation of standard stentgraft s in these cases. An objective representation of the patient's anatomy, by means of a biomodel, may enhance the detailed preparation and fabrication of stentgraft s customized to patient anatomy. Th e implantability of the stentgraft can be verifi ed and even rehearsed on the model too, and by using the model as a navigational aid during the intervention itself, operation time may be reduced. Biomodels may also be used in the development and evaluation of new devices and techniques, such as fenestrated-and branched stentgraft s, chimney-techniques, and in-situ fenestration. Finally, biomodels can serve as a complement to standard computer-based simulation programs for training in a realistic environment. Traditionally, vascular replicas have been craft ed from blown glass or cast in silicon rubber from human or animal blood vessels [4] . Neither technique fulfi lls the properties for a model to be clinically useful. Optimally, an aortic biomodel should include the whole aorta, i.e. the access vessels, the pathology itself with the proximal and distal landing zones, and suffi cient length of all involved branches. Furthermore, it should be elastic and transparent. Elastic compliance allows the model wall to imitate the behaviour of the aortic wall during implantation, and transparency is essential to observe how the endovascular devices behave and how the implant fi ts. If the model is to be used under fl uoroscopy, is should allow for good visibility of the devices used. However, most importantly an aortic replica must be accurate in terms of the internal surface of the vessel. Previous published studies describing human aorta replicas do not address the full problem with plaque contribution to the inner wall geometry when converting computed tomography (CT) data to computed aided design (CAD) and are mainly focused on smaller parts of the aorta [7, 10 -12, 18, 20, 21] . Th e integration of RP-techniques with CAD based reconstruction of three-dimensional medical imaging data provides the needed tools for making a truly patient specifi c replica of the aorta with high accuracy. Th e present work describes the design and development of an exact and clinically realistic replica of the whole aorta.
Materials and methods

CT-angiography
A 67-year old female patient with a thoracoabdominal aneurysm scheduled for repair was examined with a CT-angiography (CTA). A multidetector row CT system was used (Defi nition; Siemens Medical Systems, Forcheim, Germany). Helical CT-scans were done with 0.6 mm acquired slice thickness and reconstructed with 1 mm slices at 0.7 mm increment (space) from the lower aspect of the neck to the caudal aspect of the symphysis pubis, with the following parameters: 120 kV, 0.5-second gantry rotation, and 150 reference mAs and CTDIvolume 9.67 mGy. Th e examination was done aft er intravenous administration of 100 mL nonionic iodine contrast material (Iopramide [300 mg of iodine per milliliter]; Berlex Laboratories, Wayne, NJ). Th e contrast material was injected through a 20-gauge catheter inserted into an antecubital vein, at a rate of 4 mL/sec with a power injector (Stellant Injection System, Medrad Inc., Warrendale, PA). Data acquisition began when a proximal aortic enhancement of 100 HU was detected.
Removal of calcifi ed plaque
Th e CTA-DICOM data was converted into an STL-fi le using Mimics-software (Materialize Group, Leuven, Belgium). By means of standard editing soft ware tools, the contrast enhanced lumen, with its adherent atherosclerotic plaques, were separated from other body structures, leaving a lumen/plaque mask. With its high attenuation compared to the contrast enhanced lumen, the calcifi ed plaque generates a transition area surrounding the plaque with a similar attenuation as the contrast. Th is is partly due to a partial volume eff ect that occurs when tissues of diff erent attenuation are included in one voxel. Th e transition area does not occur in the case of more lipid rich plaques or thrombus due to the lower attenuation of these structures compared to the contrast. Th is transition area, previously surrounding the calcifi ed plaque, will be interpreted as a part of the lumen and will therefore be included in a 3D-surface reconstruction of the inner wall, resulting in a falsely larger inner diameter (Fig. 1a) . Th us, the calcifi ed plaque had to be separated from the contrast manually, which was done in a multi-step editing-manoeuvre; 1) Using a higher attenuation threshold a plaque-mask was created (Fig. 1a) . 2) Th e plaquemask was expanded to include the transition area surrounding the calcifi ed plaque. Th e expanded plaquemask was then subtracted from the lumen/transition area-mask leaving a mask including only the lumen, however, too small in the direction of the calcifi ed plaque (Fig 1b) . 3) Th e mask was then expanded to the same extent as the plaque-mask, with the constraint that the mask can not exceed the size of the original lumen/ transition area-mask. Th is fi nal operation resulted in a mask including only lumen (Fig. 1c) , which was used to create a polygonal 3D-surface representation of the inner wall of the artery in STL-format suitable for RP. Th e multi-step editing-manoeuvre was performed in a soft ware mode (26-connectivity) taking all spatial directions in account.
Rapid prototyping
Th e 3D-print was performed with a Z Corp 402 3D Printer (Z Corporation, Burlington, MA). To fi t the model into the 3D-printer machine the STL-fi le was sliced into three segments using Geomagic Studio 3D-soft ware (Geomagic Inc., Research Triangle Park, NC). Th e three segments were positioned on top of each other for printing in one single print, with a layer thickness of 0.1 mm using ZP 100 plaster powder (Z Corporation, Burlington, MA).
Silicon modelling
Th e three parts were linked and glued together and the surface was coated with thin layer of fi ller, to ensure the silicon to let loose properly. To create the fi nal representation of the aorta, a number of layers of silicon were applied on to the surface of the RP-model. Th e silicon material used has an elongation at break of 400% and a tear strength of 25 N/mm. Th e intended aortic wall thickness was about 3 mm [11, 17] . Aft er curing of the silicon the RP-model (plaster core) was removed by breaking it into smaller pieces and fl ushing with water.
Evaluation
Th e accuracy of the model was reviewed by an experienced radiologist (TH) and an experienced vascular surgeon (AW). Th e evaluation included a visual-and tactile examination of the replica and a comparison between diameter measurements obtained from multiplanar reconstructions (MPR) of the CTA-images, using a postprocessing work station (Multimodality Workplace (MMWP), Siemens Medical Systems, Forchheim, Germany), with the corresponding measures from the 3D-CAD-model and the physical RP-model. Catheterisation of and stent placement in the model was done under fl uoroscopic guidance (Multistar, Siemens Medical Systems, Forchheim. Germany) with the following parameters: 70 kV, 300 mAs and 2 mGy.
Results
Th e aortic inner wall with and without calcifi ed plaque and the corresponding fi nal RP-model of the aortic lumen are displayed in fi gure 2. Th e fi gure also shows a segment of the aorta where calcifi ed plaque has reduced the inner diameter by 40%. Th e entire 3D CAD-model, printed plaster model and silicon replica of the aorta are displayed in Fig. 3a -c . Th e median (interquartile range) difference between diameters obtained from CTA-and RP plaster-model at 19 predefi ned locations was 0.5 mm (1 mm) which corresponds to a relative median diff erence of 4.6% (7.0%). Th e average wall thickness of the silicone model was 3.5 mm. Th e elastic property and performance during stent implantation was considered good by the vascular surgeon (Fig. 4) . Due to the rough surface of the RP model, the transparency of the silicone model was not optimal, although acceptable (Fig. 3f) . Th e duration of time and the cost for creating the model were approximately 18 working hours and 1900 EUR.
Discussion
Th is paper describes a method for creating a silicone replica of an aorta by using CTA-data and RP. Th e two main issues addressed in this report were how to remove the calcifi ed plaque related transition area from the lumen and how to create a life size physical model of the aorta. During the detailed process planning the importance of atherosclerotic plaque contribution to the inner wall geometry became apparent. Failure to distinguish atherosclerotic plaque from the contrast enhanced lumen during postprocessing of the CTAimages causes the fi nal reconstruction to have a falsely large inner wall diameter. Th is problem is not trivial since atherosclerosis is a common pathology in aneurysmal aortas. When removing the calcifi ed plaque contribution from the lumen-mask one have to consider the transition area in order to obtain a correct inner wall representation. Commercially available postprocessing soft ware are, unfortunately, unable to automatically do that.
Although, the multi-step editingmanoeuvre described in the present report resulted in a highly accurate 3D-model of the true inner lumen, it has some obvious limitations. Th e method is labour intensive and a profound knowledge in advanced postprocessing is required. Furthermore, the optimal threshold attenuation level for anatomical structures is diffi cult to defi ne and the fi nal result is therefore highly operator dependent [15] . To overcome this limitation the fi nal 3D-CAD-model should be carefully reviewed against the CTA-images before the RP process is initiated. In the present report the CTA-measurements were done in MPR-mode, allowing the operator to obtain the corresponding plastermodel diameters. Segmentation error may thereby have contributed to the observed diff erences. Initial experiences on automatic calcifi ed plaque removal using dualenergy CTA technology have shown promising results, with a high sensitivity for the detection of relevant stenosis. However, high-grade stenosis was overestimated [19] and plaque subtraction less accurate in small arteries [13] . Nevertheless, the technique is time effi cient, easy to interpret and reduces the need for advanced postprocessing, and has the potential to become the golden standard for providing true CTA luminogram. Th ere are several diff erent RP-methods available and one problem is to fi nd the method most suitable for a specifi c application [8, 9] . Every method has its own pros and cons, e.g. diff erent materials and diff erent accuracy [22] . A number of RP methods where investigated and the main reasons for choosing the Z Corp machine where lower cost, faster printing time and the possibility to easily remove the plaster model from the silicon [11] . A drawback of the RP-machine used in the present report is the limited fabrication size. Th e CAD-model had to be sliced in three parts to fi t the machine, which may add uncertainty to the accuracy of the fi nal full size model. Th e sealing of the surface adds extra thickness to the model. Th is contribution was, however, considered insignifi cant.
Due to the complexity of the aortic geometry the application of silicone to the RP-model of the lumen was made manually, layer by layer. An advantage with this is that no cavity mould is needed which reduces printing time and costs. It could be argued that by applying the silicone manually, a correct wall thickness of the silicone model is diffi cult to achieve. Th e accuracy of the wall thickness of the silicone model was, however, considered less important than the accuracy of the inner wall confi guration. Th e fi nal replica had a suffi cient strength and fl exibility to mimic the natural vessel. Model-based endovascular simulation allowed reproduction of comprehensive endovascular process, including realistic tactic feel for catheterization and stent implantation as well as fl uoroscopic imaging in a Cath-lab. Th e rough surface of the RP-model resulted in a slightly impaired transparency of the siliconmodel. To enhance the transparency the RP-model should be coated and polished, before the silicon is applied (Fig. 3d -f) . Th e importance of plaque removal depends on the purpose of the model and on the atherosclerotic burden. Th e main value of an exact replica, as described in the present report, is for planning a complex endovascular custom-made stentgraft implantation. In such instances, the inner wall confi guration of the aorta, as well as of the branches, should be thoroughly reviewed and the model should be adjusted accordingly. Th is issue is, however, seldom (or never) addressed in the literature. A less accurate model, and thereby less costly and work intensive, would do for general interventional training. Regardless of the objective it is important to obtain an aortic-wall alike material properties.
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Conclusions
Th e integration of RP-techniques with CAD-based reconstruction of 3D-medical imaging data provides the needed tools for making a truly patient specifi c replica of the whole aorta with high accuracy. Calcifi ed plaque removal is necessary to achieve an accurate inner wall confi guration.
